Experiments of MFC for treating liquids of potato, tomato and lettuce as well as potato cubes with different edge lengths of 3, 5 and 7 mm were conducted, and the differences in the removal of organic matter and electricity generation were evaluated. For all three vegetable liquids, organic matter contained was effectively removed (the final removal for COD was 89.6-93.2 %), with slight differences being appeared only in the initial several days. The current density (72.2-100.2 mA/m 2 ) followed the order of potato > tomato > lettuce, while the columbic efficiency varied slightly (15.6-17.3 %). For potato cubes with three different sizes, the obtained results showed the final removal for total COD could reach 88.0-91.8 %, with the cubes of 7 mm revealing a comparatively slower removal rate in the first half of the whole operation for 81 days. The corresponding current density was found to be in the range of 163.3-189.1 mA/m 2 and the columbic efficiency in the range of 51.5-63.9 %, both following the order of 3 mm > 5 mm > 7 mm. The findings of this study are considered useful for optimization of the composition of vegetable waste, which is normally consisted of liquids and solids of different vegetable types, for treatment by MFCs.
INTRODUCTION
In the world, up to 1.3 billion tons of food is lost and wasted every year 1) . According to UN Food Agriculture Organization (FAO), the lost and wasted food is consisted of cereals (30%); root crops, fruits and vegetables (40-50%); oilseeds, meat and dairy (20%); and fish (30%). Vegetables are a significant part of the food waste. In 2013, the global production of potato and tomato was about 368 and 164 million tons, respectively, and the production for lettuce and chicory was approximately 25 million tons (http://faostat3.fao.org/browse/Q/QC/E). In Japan, potato and tomato are two important crops and their production in 2011 was about 2.4 and 0.7 million tons, respectively (http://faostat3.fao.org/browse/area/110/E).
In most industrialized countries, vegetable waste is mainly treated together with other burnable municipal wastes through incineration. However, in many developing countries, landfill and direct dumping without any proper pretreatment are still prevailing, which not only affect the environment but also threaten food safety and even human health [2] [3] [4] . Composting and anaerobic digestion are two major systems used for recycling vegetable waste. All these methods have their advantages and drawbacks. More effective and sustainable approaches beyond these conventional practices are expected.
Microbial fuel cell (MFC) is a method that can directly convert organic waste into electricity 5) . Compared to other biological methods, such as composting, anaerobic digestion and biofuels, MFC has the advantage of directly recycling the cleanest energy (electricity) from organic substrates through anaerobic oxidation reaction occurring in its anodic chamber [6] [7] . For this reason, many studies have been conducted using MFC to treat wastewater or various organic wastes (including activated sludge, food waste and animal waste) [8] [9] [10] . Vegetable waste includes liquid waste generated mainly during processing, dumping and cooking, and solid waste generated during cultivation, storage, delivery, processing and cooking. Its composition greatly affects the efficiency of biological treatment processes. So far, studies on MFC treatment for food waste are mainly conducted using composite vegetable waste or cooked food waste 6, 9, 11) , with studies using individual vegetable species can hardly be found in documented literature. In addition, the effect of the sizes of vegetables on the performance of MFC has not yet been investigated. All these are very important for better understanding the interactions among the constituting species of composite food waste during treatment by MFC and for designing optimum treatment conditions including the composition of food waste for treatment.
Accordingly, in this study, experiments of MFC for treatment of liquid samples obtained by masticating market-available potato, tomato and lettuce were conducted to compare the performance of MFC for treating the liquid samples of these three different vegetables. Meanwhile, experiments of MFC treating potato cut into cubes with three different sizes (3, 5 and 7 mm) were also conducted for evaluation of the size effect of potato on the performance of MFC. The comparison and evaluation were made mainly based on COD removal, current density and columbic efficiency. Comparisons with available literature data were also performed. To the authors' understanding after intensive literature review, this study is the first detailed trial focusing on MFC treatment for different vegetable types and sizes; and the findings will thus be very useful as reference for further studies and future practical applications of MFC.
MATERIALS AND METHODES (1) Vegetables for experiment use
Three vegetables, namely potato, tomato and lettuce (produced in Hokkaido, Gifu and Nagasaki of Japan, respectively) were obtained from a supermarket in Gifu, Japan. The obtained vegetables were masticated by a blender and the liquid samples after removing debris by settlement were subjected to the experiments for comparing their individual treatability by MFCs. For potato, solid samples by cutting into small cubes with the edge lengths of 3, 5 and 7 mm, respectively were used for investigation of the size effect. The use of these three sizes was because they could represent a certain proportion of small raw potato waste produced during processing and cooking, and the differences in the number of cubes (12.7 times) and the available external surface area for direct contact with bacteria for hydrolysis at the beginning (2.3 times) between cubes of 3mm and 7 mm could bring about the results expected for revealing the performance differences of MFCs within the investigated size ranges. New reactors with larger inlet openings that could allow the addition of larger potato cubes are under designing and will be used for further studies of the size effect in larger size ranges.
(2) MFC configuration and operation conditions
Six two-chamber MFCs assembled by Feng et al. 12) were used. Each chamber had a total volume of 0.25 L and a working volume of 0.24 L. For each MFC, carbon felts, each having a length of 6 cm, a width of 4 cm and a thickness of 0.5 cm, were used as the anode and cathode. A cation exchange membrane (CEM, Zhejiang Qianqiu Group Co., Ltd. China) was used to separate the two chambers 12) . The inlet, outlet and a sampling port were designed on both chambers, and a port for aeration was provided on the cathode chamber. Leak proof sealing was used at the joints to maintain the anodic chamber under anaerobic condition. Both chambers were connected using a titanium wire.
Anaerobic consortia were collected from a MFC operated for treating artificial wastewater containing sodium acetate 13) . For each reactor, inoculation was conducted using 20 mL of the anaerobic consortia in 100 mM phosphate buffer solution (PBS) (Na2HPO412H2O 22.2 g/L, NaH2PO42H2O 5.92 g/L, NaCl 5.84 g/L, KCl 0.10 g/L, NH4Cl 0.25 g/L) containing both trace minerals and vitamins 13) . After inoculation, the anaerobic consortia were cultured with sodium acetate as the electron donor until current density reached stable. The liquid samples of three vegetables and the potato cubes of three different sizes were added to the anodic chamber of six MFC reactors, respectively after sodium acetate used for bacterial culturing was confirmed to be totally consumed. The initial organic loading (as CODCr) for each liquid sample was 833 mg/L and that for each potato cubic sample was 1828 mg/L. The CODCr value for potato cubes was converted from the wet-weight of potato cubes added to each reactor and the conversion rate determined in advance by measurement of CODCr after mastication into slurry, followed by necessary dilution with pure water.
All six MFC reactors were operated with 100 Ω of external resistance under controlled temperature (30°C). For the reactors used for treating liquid samples, pH of the anodic solutions was adjusted to 7.0-7.1 using 1N-NaOH or 1N-HCl after 4 days; while for the reactors used for treating potato cubes, pH of the anodic solutions was adjusted to the same range (7.0-7.1) every 4-6 days. The cathode chamber of all reactors was fed with the PBS solution and aeration was continuously conducted using an air pump to provide oxygen as electron acceptor.
(3) Analysis
Voltage was measured every minute using a digital multimeter and a data acquisition system (midi LOGGER GL200A, Graphtec Corporation, Japan). Current density (I) and power density (P) were calculated according to I=V/(R×A) and P=V 2 /(R×A), respectively (V is the voltage, R is the external resistance and A is the surface area of the anode). When the output of current reached stable, the behavior of polarization was analyzed by changing the external resistance from 50 Ω to 4000 Ω. In order to compare the performance of treatment, the columbic efficiency was calculated according to:
, Where, F is the Faraday constant, I is the harvested current, V is the volume of anodic solution, ∆COD is the removed COD and 8 is the mass of oxygen per electron. Total and soluble CODCr in the liquid phase of each anodic chamber was measured by the colorimetric method (DR/890 Colorimeter). For soluble CODCr, sampled solutions after filtration through 0.45 µm membrane filter were used.
RESULTS AND DISCUSSIONS (1) Liquid samples of potato, tomato and lettuce
Current density variations during the whole operation period are shown in Fig. 1 . For all three MFCs, electricity generation was observed from the beginning of operation. For both the potato and tomato liquids, the current density reached higher levels rapidly and then kept almost stable. However, for the lettuce liquid, the current density fluctuated at higher levels during first 4 days and then kept stable after pH adjustment on day 4. After day 10, a trend of consistent decreases was observed till the end of the operations of all three MFCs. Over the whole period, the respective largest current density with three vegetable liquids was 100.2, 86.7 and 72.2 mA/m 2 . The comparatively larger fluctuation observed for the MFC with the lettuce liquid in the initial 4 days was probably due to the obvious drop of pH (from 7.0 to 6.5) in the anodic solution caused probably by faster hydrolysis, which needs confirmation in coming studies. The consistent decreases of current density observed for all three vegetable liquids after 10 days were probably due to the gradual depletion of biodegradable organic species in the anodic solutions. The curves of polarization and power density are shown in Fig. 2 . A rapid voltage drop was observed in all MFCs with higher external resistance (lower current density). This indicated the existence of energy loss for initiating the oxidation-reduction reaction 15) . It has been reported that the cell design point, at which the maximum power density appears, can be used to assess the stability of MFCs' performance 16) . Under the experimental condition of the present study, the cell design point was found with the external resistance of 100 Ω (for potato) and 50 Ω (for tomato and lettuce), with the maximum power density being 3.5, 3.4 and 2.8 mW/m 2 , and the corresponding current density being 73.7, 102.2 and 65.7 mA/m 2 , respectively. Our results support the study of Goud et al. 9) who obtained the highest power density of 1.8 -5.1 mW/m 2 using an oil free filtrate of a composite food waste after mastication The columbic efficiency of the three MFCs was 17.3, 21.2 and 15.6 % (shown in Table 1 ), respectively, which was similar to that of other studies using mixed food waste 11) , sweet potato wastewater 17) and mustard tuber wastewater 18) as substrates ( Table 1) . From the linear region of the polarization curve, the internal resistance of all three MFCs was estimated as 146, 93 and 184 Ω for the liquid samples of potato, tomato and lettuce, respectively based on the method described by Logan et al. 5) . Compared to the internal resistance of 90 Ω in a PPy/AQDS-modified MFC 12) and 8 Ω in a cube-shaped MFC 19) , the internal resistance of the present study was higher. The differences were probably caused by the differences in the biofilm formed on the anode or the types and concentrations of organic substrate treated.
The variations of the anode potential with external resistances were determined when the current density of the MFCs was stable by using a saturated Ag/AgCl as the reference electrode. As shown in Fig. 3 , by changing the external resistance from 50 Ω to 4000 Ω, all three MFCs treating potato, tomato and lettuce liquids showed the highest anode potential of -120.0, -135.3 and -112.3 mV, respectively. Goud et al. 16) studied the effect of pre-fermentation on the performance of a single-chamber MFC for treatment of a food waste. The highest anodic potential with prefermentation was observed to vary from -310 to -169 mV under different substrate loadings. In comparison, for the treatment without pre-fermentation, the highest anode potential observed was lower (-135 and -119 mV) for two substrate loadings and was higher (-404 mV) for another substrate loading. The observed highest anode potential of our study for targeted three vegetable liquids (from -112.3 mV to -135.3 mV) was similar to the values of the previous study without prefermentation. It has been reported that when the anode potential is higher, more free energy can be obtained from microbial reactions, which could enhance the startup of electricity generation 16) . But there is also a report emphasizing that a lower anode potential may be able to improve the energy transfer towards electricity generation although some negative effects on microbial growth and MFC's maintenance may be accompanied 20) . In addition to electricity generation, effective removal of organic matter in all three vegetable liquids was also observed. As shown in Fig. 4 , COD in all three MFCs decreased rapidly to lower values within the initial 4 days. And then the decreasing trend became very slow although the removal for COD continued. The concentrations of COD at the end of the operation fell in the range of 57-87 mg/L, indicating greater removal efficiency for organic matter contained in the masticated liquid samples. The very slow decreases of COD after day 4 suggested organic species available for degradation were closing to their depletion. The computed final COD removals were 91.1, 89.6 and 93.2 %, which were higher than those of previous studies for treating composite vegetable waste (62.9 %) 6) , composite food waste (44.3-64.8 %) 9) , and special mixed food waste of breakfast, lunch and dinner (77.2-86.4 %) 11) , and were close to the removal (92.2%) for , as could be seen from Table 1 .
The slight differences in the final COD removals (89.6 -93.2 %) and the comparatively obvious differences in the reduction trend of COD in the first half of the whole operation for the three vegetable liquids were probably attributed to their composition differences. Carbohydrate, fat, protein, vitamins and minerals are five major components of these three vegetables. However, the proportions of the components are different. For instance, for carbohydrate that plays an important role in the metabolic activity of anaerobic bacteria during bioelectricity generation 6) , its content (in dry weight percentage) in potato is about 17.5 % and is much higher than 3.9 % in tomato and 2.2 % in lettuce. On the contrary, the content of protein in lettuce is the highest (30.9 %), followed by tomato (16.4 %) and potato (8.0 %). More detailed information on the performance of MFC for treating vegetable liquids can be expected if the composition changes during hydrolysis and degradation are traced, a topic for coming investigations. 
(2) Solid samples of potato with different sizes
The variations of current density of three MFCs treating solid potato cubes with the edge length of 3, 5 and 7 mm, respectively are shown in Fig. 5 . Electricity generation was observed in all these MFCs from the beginning of the operation. For each MFC, the current density reached its peak value rapidly and then started to decrease. The decreasing trend was replaced by dramatic increases after pH adjustment of the anodic solution on day 4. Till day 33, similar decreasing trends repeated for six times and, for each time, obvious increases were achieved after pH adjustment. After day 33, consistent current density decreases occurred, which lasted till the end even intermittent pH adjustment was conducted. Over the whole operation period, the maximum current density for potato with the size of 3, 5 and 7 mm was 189.1, 178.9 and 163.3 mA/m 2 , respectively; and a tendency of slight decreases with increases of the potato size could be observed. The decreasing trend observed for six times within the initial 33 days (followed by respective recovery after pH adjustment) was probably due to the obvious drop of pH in the anodic solutions caused by rapid hydrolysis of potato. It is well recognized that during anaerobic fermentation, hydrolysis of organic matter generally leads to formation and accumulation of volatile fatty acids (VFAs) [21] [22] [23] [24] that can be readily used for electricity generation 6) . The consistent decreases of current density observed after 33 days were probably because of the gradual depletion of biodegradable organic species in the solutions. Regarding the effect of potato size on the current density, it was conceivable that the larger the potato was, the slower the hydrolysis rate, and thus the lower the availability of potato to exoelectrogenic bacteria 25) . With hydrolysis processed, potato cubes that settled on the bottom of the anode chamber at the beginning of the MFC operation broke down gradually into small particles. The small particles were then floated upwards and were quantified, together with the dissolved organic species, as total COD for further hydrolysis and degradation. The breakdown of potato cubes was confirmed by observations with SEM (Scanning Electric Microscope) (SEM images not shown). Since the shape 
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of the potato cubes also changed during the experiment and was difficult to define, the size effect of this study was discussed on the basis of the initial sizes. The curves of polarization and power density are shown in Fig. 6 . The open-circuit voltages of all three MFCs with potato cubes (3, 5 and 7 mm) were 439, 396 and 380 mV, respectively, supporting the result on current density that the smaller the potato size was, the higher the current density (Fig. 5) . With higher external resistance, voltage dropped more rapidly for all three MFCs. This indicated that energy loss for initiating the oxidation-reduction reaction existed 15) . All three MFCs had their cell design point at 150 Ω with the maximum power density of 16.5, 15.3 and 14.6 mW/m 2 , and the corresponding current density of 130, 125 and 122 mA/m 2 , respectively. The maximum power density decreased slightly as the potato size increased. Our results support the study of Venkata Mohan et al. 6) who obtained the highest power density of 15.4 -26.4 mW/m 2 (shown in Table 1 ) for treatment of liquid/slurry of composite vegetable waste after mastication and removal of pulp he substrate in a single-chamber MFC. The estimated columbic efficiency of all three MFCs of our study was 63.9, 58.6 and 51.5 % (shown in Table 1 ), which were higher than that of the previous studies treating mixed food waste 11) and sweet potato wastewater 17) , and were falling within the range of another study treating mustard tuber wastewater 18) . From the linear region of the polarization curve, the internal resistance was estimated as 101, 113 and 96 Ω for potato cubes of 3, 5 and 7 mm, respectively. The differences were relatively small and a unique trend of either increases or decreases with potato size was not revealed.
Fig. 6
Size effect of potato cubes on the polarization behavior measured by varying the external resistance in 50 -4000 Ω when current density was stable.
By changing the external resistance from 50 Ω to 4000 Ω, three MFCs for potato cubes of 3, 5 and 7 mm showed the highest anode potential of -161.2, -155.8 and -151.3 mV, respectively, as shown in Fig. 7 . Slight increases could be seen for potato cubes with smaller sizes. The potential values fell between the values with and without the pre-fermentation of composite food waste of a previous study 16) , and were higher than those treating masticated liquid samples of potato, tomato and lettuce discussed earlier. 
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Effective degradation of potato cubes was also observed. After the designated amount of potato cubes (2.5 g in wet) were added after weighting into the anode chamber of each reactor, some constituting organic components (such as citrate) were released from the potato cubes settled on the bottom of the chamber into the liquid phase where anodic solution was sampled for COD measurement in fine particulate or dissolved forms. However, the extent of release was not the same and it differed with the sizes of potato cubes. This was clear since, as could be seen from Fig. 8 that, from the first sampling taken soon after the start of the MFC operation, both total COD and soluble COD were detected, with their values being particularly higher for the reactor added with potato cubes with the size of 3 mm. Irrespective to the size of potato cubes, the total COD in the liquid phase increased (as a result of consistent hydrolysis of the potato cubes settled on the bottom due to gravity and consistent release of both fine particulate and dissolved organic species to the liquid phase) to the highest values on day 21, and then decreased (as a result of degradation) to lower values on day 33. After day 33, although consistent decreases of total COD could be seen, the decreasing trend was shown to be very slow. The concentrations of total COD at the end of the operation fell in the range of 150-220 mg/L and the corresponding removals in the range of 88.0-91.8% (against the total loading of 1828 mg/L as COD), showing only slight differences with the sizes of the potato cubes. Similar patterns were also observed for soluble COD even if the values being generally smaller than those of the total COD. The observed increases of total COD in the initial 21 days probably indicated that the hydrolysis rate of the potato cubes was higher than their degradation rate. The very slow decreases of both total and soluble COD after 33 days may indicate that organic species available for degradation were approaching to complete consumption, with those remaining in the solutions (150-220 mg/L as total COD, about 110 mg/L as soluble COD) being not able to be readily used by bacteria. The obvious current density decreases observed from day 33 (as shown earlier in Fig. 5 ) could support this indication. In addition, the quantitative analytical results for seven volatile fatty acids (citrate, isobutyrate, acetate, propionate, butyrate, valerate and isovalerate) in the anodic solutions also supported the indication since, at the end of operation, citrate (one of the organic acids difficult for biological degradation) was found to be the major species remaining (data not shown). Regarding the effect of potato sizes, the values of total COD in the MFC treating 7 mm of potato cubes were generally lower than those in the MFCs treating 3 and 5 mm of potato cubes, suggesting the rate of hydrolysis was affected by the sizes of potato cubes. It was probably the role of this effect that led to the general trend of decreases of current density with increases of potato sizes (shown earlier in Fig. 5 ). At the end of the MFC operation, targeting on 16S-rDNA, the microbial community on the anode and in the anodic solution of the MFCs was analyzed based on using the quantitative polymerase chain reaction (PCR), denaturing gradient gel electrophoresis (DGGE) and sequencing (data not shown). Bacterial species involved in hydrolysis, acidogenesis and electricity generation existed both on the anode and in the anodic solution and did not change obviously with the potato sizes investigated in this study. The dominating phyla were δ-, β-, γ-Proteobacteria and Firmicutes, and on the anode of all three MFCs, the species of Geobacter was found dominating.
CONCLUSIONS
For liquid samples of masticated potato, tomato and lettuce after removal of debris by settlement, the removal rate differed with the vegetables in the initial operation period of MFCs and the extent of differences narrowed over time, with the final removal for COD with the initial concentration of 833 mg/L reaching nearly identical (91.1, 89.6 and 93.2 %) after treatment for 16 days. The corresponding largest current density was 100.2, 86.7 and 72.2 mA/m 2 and columbic efficiency was 17.3, 21.2 and 15.6 %, indicating the electricity generation efficiency differed with vegetable types. For treatment of potato cubes with different edge lengths (3, 5 and 7 mm), the removal for the cubes of 7 mm was comparatively slower in the initial period, and reached nearly identical with those of both 3 mm and 5 mm. The final removal percentages for total COD against its initial loading of 1828 mg/L was 88.0, 88.5 and 91.8 %, respectively, showing only slight differences with the sizes investigated in this study. The largest current density reached 189.1, 178.9 and 163.3 mA/m 2 , and the corresponding columbic efficiency reached 63.9, 58.6 and 51.5 %, evidencing higher availability of smaller ones for exoelectrogenic bacteria in MFCs.
The result of this study clearly indicated the effects of vegetable types and the size of potato, and suggested that accelerating hydrolysis in the initial period could be probably effective for enhancing the overall performance of MFCs in treating vegetable wastes. For this, increasing the percentages of vegetable types easier for hydrolysis and degradation or lowering the percentages for larger vegetable pieces at the beginning of the operation are likely approaches that need investigations.
